Limb emission spectra of the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) onboard the ENVIronmental SATellite (ENVISAT) are used to derive the first global distribution of peroxyacetyl nitrate (PAN) in the upper troposphere. PAN is generated in polluted tropospheric air masses and acts as a carrier of NO in the cold upper troposphere. The analysed dataset covers the period 4 October to 1 December 2003. Elevated PAN amounts of 200-700 pptv were measured in a large plume extending from Brasil over the Southern Atlantic, Central and South Africa as far as Australia at altitudes between 8 and 16 km, which we attribute to southern hemispheric biomass burning. Enhanced PAN values were also found in a much more restricted area between northern subtropical Africa and India. The average mid and high latitude PAN amounts found at 8 km were around 125 pptv in the northern, but only between 75 and 50 pptv in the southern hemisphere. The PAN distribution found in the southern hemispheric tropics and subtropics agrees reasonably well with PAN amounts observed by previous airborne measurements and with the CO plume detected during end of September 2003 by the spaceborne MOPITT experiment.
INTRODUCTION
Peroxyacetyl nitrate (PAN, CH¡ C(O)OONO¢ ) is generated in air masses polluted by fuel emissions or by biomass burning. Its thermal decomposition rate is highly temperature dependent, resulting in lifetimes between 1 h at 298 K and about 5 months at 250 K (Singh, 1987) . Thus, PAN can be transported over intercontinental distances in the cold upper troposphere (Singh, 1987) . It was first detected in the Los Angeles area during smog episodes, exhibiting values of several ppbv (Stephens et al., 1956 ). PAN amounts in clean air areas are generally much lower, namely between 50 and 100 pptv only (Singh et al., 2000a) . Widespread southern hemispheric PAN pollution extending from South America to East and South Africa and as well as above the South Pacific has been observed during the annual biomass burning period in South America and South Africa in September and October (Singh et al., 1996 (Singh et al., , 2000a ).
Up to now only a few airborne PAN measurements covering supra-regional areas have been performed in the upper troposphere, e.g. the Global Tropospheric Experiment/Transport and Atmospheric Chemistry Near the Equator-Atlantic (GTE/TRACE A) experiment above the Tropical and South Atlantic (Singh et al., 1996) , the Pacific Exploratory Mission (PEM) Tropics-A campaign above the Pacific (Singh et al., 2000a ) and the Intercontinental Transport and Chemical Transformation 2002 (ITCT 2K2) project off the west coast of North America (Roberts et al., 2004) . While all these airborne measurements employed in-situ techniques, only quite recently the detection of upper-tropospheric PAN in infra-red limb spectra of MIPAS/ENVISAT and of the balloon-borne MIPAS instrument (MIPAS-B2) was reported (Allen, 2005 , Remedios et al., 2006 , 2007 . In this paper we present the first global distribution of PAN derived from spaceborne MIPAS/ENVISAT infra-red emission spectra for the period 4 October to 1 December, 2003. 
MICHELSON INTERFEROMETER FOR PAS-SIVE ATMOSPHERIC SOUNDING

RETRIEVAL METHOD AND ERROR ESTI-MATION
PAN retrieval was performed with the processor of the Institut für Meteorologie und Klimaforschung (IMK). The processor and the retrieval method is described in detail in, e.g., Clarmann et al. (2003) . The spectroscopic data used is a state-of-the-art cross section dataset provided by the University of Leicester, which consists of measurements at three temperatures, 250, 273 and 295 K ( The temperature profile and the contribution of other interfering species were modelled using the results of preceding retrievals. CO¢ line-mixing was modelled by the Rosenkranz approximation. To avoid any influence on the shape of the retrieved PAN profile, an all-zero profile was chosen as a-priori. Figure 1 shows a PAN vmr profile obtained on 21 October, 2003, over Eastern Africa (top) and another profile from the same orbit obtained above northern midlatitudes (bottom). Over East Africa PAN amounts as high as 700 pptv were detected at the lowermost height useable for retrieval (11 km, due to clouds). Towards higher altitudes PAN decreases to 100 pptv at the tropopause (17 km) and to 50 pptv at 20 km. The midlatitude profile exhibits ¥ 175 pptv in the troposphere, a rapid decrease at the tropopause and also values around 50 pptv in the lowermost stratosphere. The calculated number of degrees of freedom is 2.4 and 4.6, respectively, and the height resolution is 3.5-6 km (degrading with altitude). The number of degrees of freedom at the midlatitude geolocation is larger, because the useable MIPAS scan extends further down into the troposphere.
Error estimations were performed for several typical cases with high, moderate and low PAN amounts, based on the actual retrieved temperatures, tangent heights, PAN profiles and simulated spectra and Jacobians of the final iteration (cf. Glatthor et al., 2004) . For the East African gelocation the total error is minimal (5%) at the lowermost useable tangent height (13 km), increases to 40% at the tropopause (17 km) and remains above 30% in the stratosphere. Measurement noise increases from 3% at 13 km to more than 25 % at the tropopause. Except for 13 km, uncertain knowledge on the instrumental line-of-sight (LOS) is the dominant error contribution in the altitude range 10-17 km. Further important error sources in this altitude range are the uncertainties in spec- troscopic data, instrumental line shape (ILS), temperature and, above 15 km, in the ozone vmr. At the northern midlatitude geolocation the total error amounts to 14-20% between 7 and 12 km. Towards lower altitudes the error increases strongly up to 75% at 5 km, whereas it increases up to 30% in the lower stratosphere. Measurement noise is between 5% at 8 km and 25% in the stratosphere. The main reason for the strong error increase at the lowermost altitudes is the uncertainty in LOS. Further major error components are the same as for the East African case.
An additional spectroscopic error source is the fact that the lowest temperature, for which laboratory PAN cross sections were determined, is 250 K, whereas the upper tropospheric temperature often is considerably lower, e.g. 210 K at 13 km altitude at the East African geolocation. To estimate the possible resulting bias, retrievals were performed using the PAN cross section data sets for 273 K or 295 K only. Thereby the retrieved PAN amount at this geolocation increased by 13% and 26% at 13 km altitude, respectively. Assuming a linear temperature dependance, this means that the retrieval overestimates the "true" PAN amount at this altitude and geolocation by 23%. Under the same assumption, the retrieved PAN amounts would have to be reduced by 2, 14, and 23% at the altitudes of 8, 12, and 16 km, respectively, for the southern hemispheric area of high PAN values (cf. Sect. 5).
SENSITIVITY TEST
To check the retrieved PAN amounts we investigated for all scans of orbit 8585, if the measured MIPAS spectra can be modelled just as well by complete neglect of PAN. As an example, Figure 2 (top) shows the MI-PAS spectrum from 13 km altitude at the above presented East African geolocation, where a high PAN vmr of 600 pptv was retrieved. Further it contains fitted spectra and residuals resulting from retrieval with and without inclusion of PAN, i.e. retrieval of the joint-fit gases only in the latter case. The residuals clearly show that the fit without consideration of PAN (blue) is much worse than the adjustment with modelling of PAN (red). Accordingly, the RMS deviation decreases from 41.2 to 26.9 nW/(cm 
DISCUSSION
Observed PAN distribution
The analysed dataset consists of 150 orbits from 10 days between 4 October and 1 December, 2003. This period covers the end of the biomass burning season in the southern hemisphere. To enhance the spatial data coverage we show the PAN distribution averaged over the whole period in the next two plots.
The zonal average of the whole dataset (Fig. 3) exhibits clear differences between the northern and southern hemispheric PAN distribution. In the southern hemisphere there is a large plume containing elevated PAN amounts of more than 100 pptv between the equator and 50 § S in the altitude range 7-15 km, which we attribute to biomass burning. Maximum values of more than 200 pptv are between 20 § S and 40 § S at altitudes from 7 to 10 km. Another, but much more restricted, region of elevated PAN amounts is in the northern hemispheric tropics. Further there are elevated PAN amounts throughout the northern hemispheric mid and high latitudes, decreasing from 150 pptv at 7 km to 75 pptv at 11 km. The major reason for these values is probably industrial pollution. The PAN values at southern high latitudes are much lower, namely between 75 pptv at high midlatitudes and 25 pptv above the Antarctic. extends from the tropical and subtropical Atlantic over Southern Africa, the Southern Indian Ocean and Australia as far as to the West Pacific. As mentioned above, we attribute this feature to southern hemispheric biomass burning. In the northern hemispheric subtropics, a more restricted area of elevated PAN is visible at 8 km, extending from the African Sahel zone to India and, possibly strengthened by additional sources of PAN, further northeast above China and the Chinese Sea. At 12 km the area of high southern hemispheric PAN amounts does not extend so far east and ends at the West Australian coast. High PAN amounts of 400-500 pptv are now visible above North-East Brasil and above East Africa, i.e. in areas which were masked by clouds below. At 16 km altitude, where deterioration by clouds has mostly disappeared and the global coverage is nearly complete, the highest PAN amounts of up to 200 pptv cover an area extending from tropical Brasil above the Southern Atlantic and tropical Africa to the Southern Indian Ocean. Like in Fig. 3 , the northern mid and high latitude PAN values are lower than those from the southern hemisphere. In order to check on a qualitative basis, if the observed southern hemispheric tropical and subtropical PAN distribution 
S, 37.2 § E) (black), as well as fitted spectra and residuals with (red) and without (blue) inclusion of PAN. Residuals
Comparison with other space-and airborne measurements
The biomass burning plume detected in the MIPAS PAN distribution is in reasonably good agreement with the area of enhanced CO measured during the last week of 
SUMMARY AND CONCLUSIONS
We have used mid-infrared measurements of MI-PAS/ENVISAT to derive the first global upper tropospheric PAN distribution. The evaluated dataset consists of ten days covering the period 4 October to 1 December 2003. PAN was retrieved in the wavenumber region 775-800 cm£ ¤ along with the interfering species CCl¦ , HCFC-22, CH¡ CCl¡ , ClONO¢ , H¢ O and C¢ H¢ . The retrieved PAN profiles exhibit about 2.5-4.5 degrees of freedom and a height resolution of 3.5-6 km. The total retrieval error ranges from 5% for enhanced tropical PAN amounts (600 pptv) to 14-20% for moderate midlatitude PAN amounts (175 pptv) near the tropopause. An additional uncertainty results from incomplete coverage of the cold upper tropospheric temperatures by the PAN cross section data set used, whereby the "true" PAN amounts in the tropical upper troposphere might be overestimated by up to ¥ 30%. A sensitivity test showed a degradation of the fit quality for retrievals without consideration of PAN at geolocations and altitudes, where high PAN amounts had been obtained before.
The analysed period covers the end of the biomass burning season in the southern hemispheric tropics and subtropics. Indeed, high PAN amounts were found in this region in the altitude range 8 to 16 km. At 8 km elevated PAN values formed a nearly worldwide band extending from Brasil over the Southern Atlantic, Central and South Africa, the Southern Indian Ocean and Australia as far as to the South Pacific, whereas they were more confined to the area between Brasil and the western Indian Ocean at higher altitudes. The PAN amounts in this biomass burning area ranged from 200 to 500 pptv at 8 km and from 100 to 200 pptv at 16 km. Enhanced PAN amounts were also found in a much more restricted area between northern subtropical Africa and India. The most significant PAN signal at northern hemispheric midlatitudes with values of up to 250 pptv was detected in an adjacent area extending from China into the Chinese Sea. The average mid and high latitude PAN values at 8 km altitude were 125 pptv in the northern and between 75 and 50 pptv in the southern hemisphere.
During the analysed period numerous fire count clusters were observed in the southern hemispheric tropics and subtropics by the TRMM satellite. Further, the southern hemispheric PAN distribution agrees well with the CO distribution measured by the MOPITT experiment in late September 2003. On average, the retrieved PAN amounts are also consistent to previous airborne PAN measurements performed during the southern hemispheric biomass burning period. These consistencies confirm the southern hemispheric PAN distribution observed by MIPAS and its characteristics as biomass burning plume.
